ABSTRACT
RESULTS:
Before surgery, tissue within the affected hemisphere demonstrated a high probability for hemodynamics consistent with venous flow and a low probability for hemodynamics consistent with arterial flow, whereas the contralateral control hemisphere demonstrated the reverse. Consistent with symptomatic improvement, the probability for venous hemodynamics within the affected hemisphere decreased with time after surgery (P ϭ .002). No other perfusion parameters demonstrated this association. Postsurgical DSA revealed an association between an increased preoperative venous probability in the symptomatic hemisphere and neovascularization after surgery.
CONCLUSIONS:
Probabilistic independent component analysis yielded sensitive measurements of changes in local tissue perfusion that may be associated with newly formed vasculature after indirect cerebral revascularization surgery.
ABBREVIATIONS:
EDAS ϭ encephaloduroarteriosynangiosis; ICA ϭ independent component analysis; ICAS ϭ intracranial atherosclerosis; MMD ϭ Moyamoya disease; rCBF ϭ relative cerebral blood flow; rCBV ϭ relative cerebral blood volume E ncephaloduroarteriosynangiosis (EDAS) is a form of indirect cerebral revascularization, which has been successfully used as a treatment in Moyamoya disease (MMD) and symptomatic intracranial atherosclerosis (ICAS) in adults. [1] [2] [3] [4] [5] [6] [7] [8] In principle, extracranial arterial branches are surgically redirected below the dura mater and apposed to hypoperfused brain tissue. This procedure results in the sprouting of new vessels that gradually form new anastomoses with the intracranial circulation, improving perfusion and reducing the risk of stroke. 7 In a recently published report on treatment outcomes with EDAS, the rate of stroke was 2.4% (5.6% in patients with ICAS, 0% in patients with MMD) within 2 years after the operation. 9 These rates are lower than the previously observed rates for medical treatment (15%) or angioplasty and stent placement (21%) in the SAMMPRIS (Stenting vs. Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis) trial. 10, 11 Multiple imaging modalities have been used to assess the extent of indirect revascularization in patients with MMD and ICAS. Conventional angiography, CTA, and MRA have demonstrated neovascularization within the EDAS operative territory through transdural and transpial collateral vessels. 12, 13 Increased donor superficial temporal artery and middle meningeal artery vessel sizes and a decrease in preoperative native collaterals fol-lowing EDAS have also been reported. 5, 12, 14, 15 Beyond anatomic changes, investigating tissue perfusion is necessary because alterations in tissue perfusion are dynamic processes that may not correlate directly with structural changes. 16, 17 In MMD, xenonenhanced CT scanning, SPECT, blood oxygen level-dependent cerebrovascular-reactivity MR imaging, and PET studies have shown improved cerebrovascular reactivity in territories of the intervened hemisphere. 12, 18, 19 In addition, CT perfusion and DSC-MR imaging studies found improved postoperative cerebral hemodynamics through TTP, relative cerebral blood flow (rCBF), and relative cerebral blood volume (rCBV) measures. 16, 20 Yet, the association between local tissue perfusion following EDAS with structural changes and clinical outcomes is still unclear. Probabilistic independent component analysis (ICA) of DSC-MR imaging allows improved differentiation of physiologic and pathophysiologic cerebral hemodynamics through the extraction of spatiotemporal blood supply patterns. 21 It is a datadriven, multivariate approach that has been applied to functional MR imaging, electroencephalographic recordings, and, recently, DSC-MR imaging data in glioblastoma, in which it demonstrated the ability to discern tumor from normal vasculature and characterize tumor perfusion patterns. [22] [23] [24] [25] [26] [27] The objective of this study was to apply ICA to DSC-MR imaging data to evaluate hemodynamic changes after EDAS, to assess whether this method can detect changes consistent with structural imaging measures, and to compare the results with classic perfusion measures-that is, by quantitatively separating the DSC-MR imaging time-series data in each image voxel into independent temporal patterns consistent with arterial, capillary, and venous hemodynamics, we hypothesized that probabilistic ICA would detect subtle changes in vascularity that may not be captured by classic perfusion measures. We further hypothesized that brain regions in adults with symptomatic ICAS or MMD would contain tissue with a high venous probability, suggesting hemodynamics consistent with delayed venous flow. Additionally, we posited that a favorable increase in tissue perfusion within the surgical hemisphere after EDAS would reduce this venous probability and that this reduction would be associated with neovascularization as measured with postoperative digital subtraction angiography.
MATERIALS AND METHODS

Study Design
We performed a prospective study of adult patients (23-75 years of age) with TIA or nonsevere stroke attributed to 70%-99% intracranial stenosis of a major intracranial artery and confirmed by conventional angiography. All patients presented with persistent strokes or TIAs despite optimal medical management, as established in the SAMMPRIS trial. 10 Patients with ICAS or MMD were included in this study, with the former enrolled in the ongoing EDAS Surgical Indirect Revascularization for Symptomatic Intracranial Arterial Stenosis (ERSIAS) trial (clinicaltrials.gov No. NCT01819597). Patients with MMD received the same imaging and therapy as those with ICAS through the ERSIAS protocol. All participants provided informed consent before taking part, and the study was conducted with institutional review board approval (No. 12-000439; University of California, Los Angeles).
Study Participants
Thirteen patients (female/male ratio: 11:2; mean age, 54.77 Ϯ 15.66 years) who underwent unilateral EDAS surgery and DSC-MR imaging from 2013 to 2014 were included (see Table 1 for an overview of all enrolled patients). Eight of the patients were diagnosed with ICAS, and 5, with MMD. Of the 13 patients, 8 had DSC-MR imaging data at multiple time points, including 1 pre-and up to 4 postoperatively (ie, at approximately 3, 6, 9, and 12 months after the operation). The exact timing of the imaging studies was recorded in days after the operation, yielding negative numbers for preoperative scans (Table  1 ). For 12 of the 13 patients, postoperative DSA studies were performed to document the extent of newly formed vessels from the donor artery. These studies were used to compare potential perfusion changes with the actual observed sprouting of new vessels. One patient (patient 11) died of a myocardial infarction before these postoperative studies were performed.
Preoperative Evaluation
All patients underwent preoperative imaging that included DSA and/or MR imaging. DSA of all patients revealed severe stenosis in the intracranial cerebral vasculature that corresponded to their clinical symptoms. EDAS was considered for treatment on the basis of clinical need, including ischemic symptoms within 30 days and evidence of hypoperfusion and poor collateral flow (American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology grades 0 -2).
Surgical Technique
The EDAS surgical technique has been previously described. 5, 7 In brief, the superficial temporal artery is identified and dissected with its surrounding galeal cuff. A craniotomy is performed, and the dura is opened in cruciate fashion, preserving the middle meningeal artery branches. The dural layers are separated, the inner avascular layer is removed, and the arachnoid is widely opened with microdissection under the surgical microscope. The superficial temporal artery is subsequently sutured to the edges. The burr-holes and inner table of the bone flap are trimmed to prevent kinking and compression of the superficial temporal artery on its replacement. Patients remain in intensive medical management during and after the operation with antiplatelets, high-dose statins, and strict control of blood pressure and glycemia.
MR Images
All MR imaging data were collected on a 1.5T (Avanto; Siemens, Erlangen, Germany) or 3T MR imaging system (Trio, Prisma, or Skyra; Siemens). Each patient underwent follow-up studies on the same MR imaging scanner that was used for their original preoperative baseline scan. Standard anatomic MR imaging sequences included a sagittal T1-weighted image, along with axial T2-weighted and FLAIR images. 
Probabilistic Independent Component Analysis
Technical and mathematic details regarding the probabilistic ICA algorithm are described in Beckmann and Smith. 28 In the current study, we implemented the probabilistic ICA algorithm by using the MELODIC program from the FMRIB Software Library (FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ MELODIC). Briefly, probabilistic ICA was applied to the raw DSC-MR imaging data throughout the entire brain to identify 3 statistically independent temporal components plus noise.
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These 3 independent components were then manually identified as "arterial," "venous," and "capillary" components based on their temporal hemodynamic profiles, in which the arterial component had the shortest TTP, the venous component had the longest TTP, and the capillary component had the smallest signal amplitude and an intermediate TTP. For verification of this empiric categorization, the components were checked via their respective spatial patterns to ensure that the arterial component covered the circle of Willis and the venous component contained the choroidal plexus. Next, the posterior probability of the DSC time signal for each independent component compared with noise was calculated for each image voxel. This calculation resulted in 3 unique brain maps reflecting the relative probability of a voxel having a DSC time-series consistent with arterial, venous, or capillary hemodynamic profiles. These resulting probability maps were then used for subsequent analyses.
Image Registration
All conventional and perfusion images for each subject were registered to the axial, postcontrast T1-weighted images at the first postoperative time point by using a 12-df affine transformation with a mutual information cost function (in FSL). If required, 9-df manual alignment was subsequently performed (tkregister2, FreeSurfer; surfer.nmr.mgh.harvard.edu). Three investigators (A.N.L., B.M.E., K.L.) verified adequate alignment of the images by consensus.
ROIs
ROIs were manually drawn on baseline postcontrast T1-weighted images around the surgical graft site and on a mirrored region within the contralateral hemisphere. Because all images were aligned between baseline and postsurgical follow-up, a single set of ROIs was used for comparison. The mean values of all 6 measures (arterial probability, capillary probability, venous probability, rCBV, rCBF, and TTP) within these 2 ROIs (surgical and contralateral) were calculated for each patient and evaluation time point.
Statistical Analysis
The calculated ROI-wise values (probabilities for arterial, capillary, and venous components, as well as rCBV, rCBF, and TTP) were used as the dependent measures in a statistical model. The association between time after the operation (independent variable) and the imaging measures of interest (dependent variable) was calculated by using a general linear model and permutation testing. This approach allowed accounting for interindividual differences among the participants by including "subject" as a factor of no interest and assessing interactions between surgical and control hemispheres by modeling appropriate interactions. Correlation coefficients were calculated from the t values on the basis of the effective dfs. Because none of the measures of interest can be assumed to be normally distributed in this small sample, significance was established by using a Monte Carlo simulation with 10,000 permutations. 29 Specifically, the null hypothesis was that there is no association between the time after the operation and the measures of interest (dependent variables), so all observed differences were explained by interindividual variability and noise. This entails that no systematic changes occur in either measurement with time, which means that under the null hypothesis it is inconsequential at which time relative to surgery the measure was taken. While we controlled for interindividual differences, the time after the operation can thus be interchanged at random, without yielding a less significant correlation or interaction under the null hypothesis. The null hypothesis can be rejected at P Յ .05, however, if random permutations of the time after the operation yield less significant results in at least 95% of all cases. With 6 different measures of interest, we controlled the type I error by applying a Bonferroni correction for multiple comparisons (ie, significance was determined at P Ͻ .0083). Seeing that previous analyses focused on MMD, and not ICAS, and that the underlying disease may be a modifying factor for the results, we repeated the statistical analysis for each disease group as a post hoc analysis and additionally calculated the interaction between disease group and postsurgical changes. The analysis was performed in Matlab (Version 7.12; MathWorks, Natick, Massachusetts). In addition, standard plots of the probability of arterial, venous, and capillary components within the prescribed ROIs with time in the complete sample and descriptive statistics were generated for demographic and clinical assessments to characterize the study population. Additional plots were created for rCBF, rCBV, and TTP. For comparison with the individual DSA studies, plots of the changes within the arterial and venous component with time for each individual patient were created. These analyses were conducted by using JMP (Version 11; SAS Institute, Cary, North Carolina).
Clinical Analysis
Patient data were reviewed up to 24 months following EDAS surgery to evaluate TIA, stroke, and death.
Role of the Funding Source
None of the funding sources had any role in the collection or interpretation of data or any influence on the writing or decision to submit the manuscript.
RESULTS
Probabilistic ICA of the asymptomatic control hemisphere revealed a lower probability of belonging to the venous component than to the arterial component at baseline (mean probability: arterial, 0.40 Ϯ 0.08, versus venous, 0.16 Ϯ 0.07). In the preoperative symptomatic hemisphere, the probabilities of arterial and venous components were inverted (mean probability: venous, 0.46 Ϯ 0.19, versus arterial, 0.23 Ϯ 0.09). This inversion is depicted in the preoperative probabilistic map of arterial and venous components shown in Fig 1 for a representative patient . Visually, the maps showed striking asymmetry between the right and left frontal cortices, with a higher venous probability in the left frontoparietal cortex (symptomatic site) compared with contralateral tissue. Images for several axial sections of this patient are shown in On-line Fig 1. With time, baseline values of venous and arterial probabilities were maintained in the asymptomatic control side (Fig 2) . There was no significant correlation between the time after the operation and the venous probability of this asymptomatic hemisphere. After the operation, however, the high venous probabilities of the operative side (preoperative mean probability, 0.46 Ϯ 0.19, versus 12-month probability, 0.23 Ϯ 0.09) decreased with time, while the arterial probabilities remained largely unchanged. This outcome was also reflected in a significant negative correlation between the time after the operation and the venous probability of this symptomatic hemisphere (P ϭ .002). The association between venous probability and the time after the operation was significantly stronger on the surgical side compared with the control side (P ϭ .001), in which no significant correlation between any perfusion measure and time after the operation was detected. After approximately 9 months, probabilities of the individual components of the surgical side appeared inverted to reflect patterns similar to those of the nonsurgical side. No other interactions between hemispheres (control versus surgical) or correlations with time after the operation survived the correction for multiple comparisons for any other perfusion measurement. Table 2 provides a detailed overview of P values and correlation coefficients. Although no significant findings were observed for the classic measures, rCBV, rCBF, and TTP, the respective plots can be found in On-line Fig 2 for completeness. Post hoc analyses for each etiology group revealed a significant negative correlation between the venous probability and time after the operation of the surgical hemisphere in patients with ICAS (P ϭ .004); this correlation was not significant for patients with MMD, likely due to the small sample size. An interaction between subgroup and time after the operation did not yield any significant results, thus not supporting a difference between ICAS and MMD. Notably, the study was not designed to separately evaluate each etiology group; however, the striking magnitude of the effect of the operation in the ICAS group reached statistical significance in this post hoc analysis. No other perfusion measure showed significant changes after the operation in that subgroup analysis.
Exploration of individual arterial and venous components in the surgical hemispheres of each patient did not demonstrate the pattern of increased venous probability across all patients. Of all 13 patients, 3 did not show an increased venous probability preoperatively. 
Clinical Results
No patient had a stroke within the 24-month follow-up period. The 3 patients who did not develop postoperative collaterals had improvement in the degree of intracranial arterial stenosis and did not develop strokes; this outcome was attributed to the medical management. One of the 14 patients (patient 2) had a TIA at 1-6 months postoperatively. Further TIAs were not observed during the follow-up period for this patient. None of the other 12 patients had a TIA postoperatively.
DISCUSSION
Collaterals are of critical importance in maintaining cerebral perfusion in patients with intracranial arterial stenosis. 30 EDAS facilitates the formation of new collaterals between redirected extracranial arterial branches and the intracranial circulation. 7 The extent of revascularization following EDAS is traditionally focused on the anatomic investigation of collaterals by conventional angiography. However, consideration of the functional effects is also necessary because alterations in tissue perfusion may not correlate directly with structural changes. 16, 17, 31, 32 The goal of this study was to explore perfusion MR imaging measurements to better characterize tissue perfusion following EDAS. No significant relationships were found between conventional perfusion measures (rCBV, rCBF, and TTP) and the time after EDAS surgery. By applying probabilistic ICA, however, a significant change was observed in the surgical hemisphere that corresponded to the clinical observation of protection from stroke and a reduced risk Note:-P indicates probability; r, correlation coefficient. a Significant results after correction for multiple comparisons using a Bonferroni correction.
of TIA after EDAS, in agreement with prior publications reporting these beneficial clinical effects. 7, 9 Specifically, the nonsurgical (control) hemisphere was found to have a constant, high arterial probability and low venous and capillary probabilities, suggesting that the raw DSC signal was most consistent with a rapid arterial hemodynamic pattern. Because this asymptomatic hemisphere was not affected by intracranial arterial stenosis, no perfusion deficit was expected.
In contrast, the symptomatic hemisphere, in which there was intracranial arterial stenosis and thus made the patient eligible for EDAS revascularization, had high venous and capillary probabilities and a low arterial probability at baseline, suggesting that most tissue near the surgical site expressed patterns more similar to delayed venous hemodynamics. This shift toward a higher probability of the venous component within the symptomatic hemisphere can be interpreted as a slower perfusion in this region. After EDAS surgery, the elevated probability for the venous component significantly decreased with time; this decrease led to an inversion of the probability pattern at 9 months. This suggests a normalization of the blood flow characteristics, with faster arrival and clearing of the contrast agent in the tissue due to higher perfusion after EDAS. In other words, after EDAS surgery, tissue perfusion changes in that it becomes less delayed than before the operation, thus less resembling venous blood flow characteristics. This interpretation is consistent with the clinical observation that symptoms improved in all cases following EDAS surgery.
While we also observed a significant negative correlation between the time after the operation and venous probability in the surgical hemisphere within the ICAS group, no significant correlation between the time after the operation and any perfusion measure was found within the MMD group. The interaction between patient group and time after the operation was not significant, indicating that the response to the operation did not differ between patients with ICAS and those with MMD. Nonsignificant results within the MMD group may rather be due to the relatively small sample size; this study was not designed to investigate each group independently. As shown in Table  1 , the MMD group comprised only 5 of the 13 patients, and future analysis based on a larger dataset is desirable to further evaluate these findings.
The comparison with postoperative DSA studies confirms that improvement in perfusion was associated with formation of new collaterals. Patients who did not develop new collaterals from the donor vessel did not show an increased venous probability in the surgical hemisphere according to the results from the probabilistic ICA. These patients also exhibited a reduction in the stenosis of the qualifying artery in DSA angiography with time, which may be why they did not develop new collaterals, because the innate source of cerebral irrigation was sufficient to prevent them from developing symptoms. This effect has been reported in cases of intensive medical management alone, which was maintained in all patients undergoing EDAS in this study. 11, 33 While this observation supports the notion that the decrease in the venous probability derived from probabilistic ICA acts as a surrogate for revascularization, it raises a second interesting question: One might inquire whether the observed relationship between increased venous probability and postoperative revascularization might qualify as a marker for patient selection and/or serve as a valuable tool for surgical planning and monitoring. While this question is beyond the scope of this initial study, it is well worth following up in a larger systematic study. Furthermore, because the clinical outcome after EDAS is likely to be superior to medical therapy alone, it will be important to assess whether such an observation may be reason enough for withholding or delaying an operation. [9] [10] [11] In the setting of MMD, improved cerebral perfusion following indirect revascularization has been demonstrated by using tradi- tional neuroimaging modalities. In a recent study with 12 pediatric patients with MMD, SPECT revealed improvement in basal perfusion and cerebrovascular reactivity in the MCA surgical territory, approximately 3 months following revascularization by EDAS surgery. 34 In a similar study in 17 pediatric patients with MMD who underwent EDAS, SPECT at approximately 5 months (153 Ϯ 110 days) showed significant improvement in the cerebrovascular reserve, with nonsignificant improvement of the basal CBF. 19 Furthermore, perfusion MR imaging in 13 children with MMD demonstrated delayed presurgical TTP enhancement compared with controls, which was significantly reduced following EDAS. 16 CT perfusion was also used to evaluate multiple burrhole revascularization in ischemic adult MMD. 20 Six-month follow-up CT perfusion showed postoperative increases in CBF, with decreases in MTT and TTP. Our results, however, do not demonstrate the same magnitude of change in traditional perfusion measures in patients undergoing EDAS. Some of the differences can be expected because most data in this study stem from adult patients with ICAS, usually of advanced age, in whom extensive neovascularization after EDAS is not necessarily anticipated. In addition, the relatively small overall sample size and limited coverage of time points may have contributed to the nonsignificant findings with conventional perfusion measures. The significant results found with probabilistic ICA may indicate a higher sensitivity of this technique to perfusion changes, warranting further studies to validate its use to monitor EDAS effects and potentially as a selection tool to identify subjects who would benefit most from indirect revascularization. First developed in the engineering field of signal processing, ICA has been applied to fMRI for the separation of functional networks in task-related and task-free fMRI studies and to EEG to resolve differences between evoked responses. 25, 27, [35] [36] [37] [38] More recently, ICA has been used to separate and distinguish phases of cerebral perfusion. Separation of the mixed dynamic signals of DSC-MR imaging into independent source signals provides spatiotemporal hemodynamic information on local perfusion for cerebral vasculature and parenchyma. 37, 39 In a study of 12 patients with unilateral carotid stenosis, this method differentiated normal arterial, stenotic arterial, and stenotic-side parenchymal phases; this finding suggests that stenosis and poor collateral circulation resulted in delayed contrast perfusion through parenchyma on the side of the stenosis. 37 Additionally, probabilistic ICA applied to neuro-oncology allowed the detection of abnormal tumor vasculature, distinguishing tumor from normal tissue and potentially serving as a biomarker to predict responses to antiangiogenic drugs. 22, 40 The present study suggests that the use of this method can be expanded to surgical planning and monitoring for EDAS in patients with ICAS. Despite recent concern about gadolinium deposits after repeat use, postcontrast MR imaging is standard in the stroke protocols of many institutions and DSC-MR imaging can be performed concurrently without additional contrast administration. 41, 42 While the clinical significance of gadolinium deposits after repeat use still remains unknown, the application of probabilistic ICA to DSC-MR imaging may prove beneficial for surgical planning and monitoring for EDAS. 41, 42 These potential benefits may thus outweigh the risk of gadolinium; however, further investigation is warranted.
CONCLUSIONS
The current results indicate that probabilistic ICA of DSC-MR imaging data is a sensitive technique for monitoring changes in perfusion after EDAS surgery in patients with ICAS and MMD. Hypoperfused brain regions had a high probability of perfusion characteristics, consistent with venous hemodynamics, and this elevated probability decreased as newly formed collaterals became evident.
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